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Resumen. En los últimos años el área cultivada con aguacate 
en Colombia ha crecido notoriamente y se espera que esta 
tendencia continúe en los próximos años. Sin embargo, muchos 
de los suelos de la zona andina utilizados para su siembra 
exhiben fuerte acidez y niveles deficientes de varios nutrientes, 
particularmente fósforo (P). Para corregir este problema se hacen 
aplicaciones de cales y fertilizantes fosfóricos solubles, en mucho 
casos las dosis aplicadas son altas. Esto eleva innecesariamente 
los costos de producción, crea desbalance nutricional en la planta 
y genera riesgos de contaminación ambiental. Una alternativa 
biotecnológica es el uso de microorganismos solubilizadores 
de fosfato (PSM) y hongos formadores de micorriza-arbuscular 
(AMF). En este trabajo se describe el aislamiento, caracterización 
y evaluación de la efectividad de AMF y PSM para mejorar 
la absorción de P por las plantas de aguacate. La asociación 
micorrizal ha probado ser una alternativa factible de implementar; 
sin embargo, el excesivo uso de fertilizantes fosfóricos puede 
limitar los beneficios de estos hongos en las plantas de aguacate. 
Hasta ahora no se han detectado PSM efectivos en la rizosfera 
de aguacate. En algunos casos, estos microorganismos están 
ausentes en la rizosfera del aguacate, y en otras circunstancias 
la baja capacidad para solubilizar P desestimula su uso en el 
cultivo.
Palabras clave: Micorriza arbuscular, microorganismos 
solubilizadores de fosfato, Andisoles, fijación de fósforo.
Abstract. In recent years the area cultivated with avocado has 
increased significantly in Colombia and this trend is expected to 
continue in the coming years. However, most of the soils in the 
highlands of the Colombian Andean, that have been used to grow 
avocado, are strongly acidic and nutrient deficient, particularly 
phosphorus (P). To alleviate these problems, high rates of lime 
and P fertilizers are frequently applied, in many cases the applied 
dose are excessive. This increases production costs, produces 
plant nutrient imbalance in the plant, and increases the risk of 
polluting surface waters. A biotechnological alternative is the 
combined use of phosphate solubilizing microorganisms (PSM) 
and arbuscular mycorhizal fungi (AMF). This work describes a 
series of experiments carried out to isolate, characterize, and 
evaluate the effectiveness of AMF and PSM in increasing plant 
growth and P uptake of avocado plants. The results indicate that 
the mycorrhizal association is an effective alternative that can 
easily be established in the crops; however, the excessive use of 
P fertilizer in these soils may limit the benefits of these fungi on 
avocado plants. Currently, effective PSM of avocado rhizosphere 
have not been detected. In some cases, these microorganisms 
are absent in the avocado rhizosphere and in other cases their 
low capacity to solubilize P discourage their use in the crop.
Key words: Arbuscular mycorrhiza, phosphate solubilizing 
microorgansims, Andisols, fixation of phosphorus.
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Currently, the cultivation of avocado (Persea 
americana) in Colombia has received much attention 
due to the high demand for this fruit in national and 
international markets (Bernal y Díaz  2008). The 
Colombian government has planned to increase 
the area with avocado plantations from the current 
16,220 ha to 29,600 ha, in the year 2020. Also, the 
mean yield is expected to increase from 11.2 t ha-1 to 
13.54 t ha-1, although the potential yield estimated is 
30 t ha-1 (Bernal and Díaz, 2008). In order to reach 
international markets, good agricultural practices 
must be adopted (FONTAGRO, 2006). However, the 
intensive use of agrochemicals is a serious limit to 
satisfy this objective (ASOHOFRUCOL-FNFH, 2005; 
INFOAGRO, 2006).
A constraint for agricultural production in the Andean 
region, where avocado is intensively cultivated, is 
the low soil phosphate (P) availability (IGAC, 1988; 
González and Osorio, 2008). This occurs due to 
the high P sorption capacity of these soils (mostly 
Andisols) that reduce the amount of P available for 
plant roots (IGAC, 1988). The ion phosphate (H2PO4-) 
is strongly adsorbed onto the surface of soil minerals 
(allophane, goethite, kaolinite) in such a way that 
most of the applied P fertilizers (>90%) became 
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non-available (Havlin et al., 1999; Miyasaka and 
Habte, 2001). Besides, free ions of aluminum and 
iron can also precipitate phosphate into insoluble 
compounds (Barber, 1995). As a consequence, high 
doses of soluble P fertilizers are regularly applied in 
avocado plantations (Serna et al., 2012); however, 
this increases the production costs, causes plant 
nutrient imbalances (micronutrient deficiencies), 
and increases the risk of pollution of surface water 
(Miyasaka and Habte, 2001; Montoya, 2007). In 
addition, the variation of the international price 
of soluble P fertilizer (in Colombia all P fertilizer is 
imported) is a challenge to the food production, as 
occurred in 2007 and 2008 when these increased 
by 355% (Hylton, 2008). For all these reasons, it is 
desirable increase the efficiency of soluble P fertilizers 
by using soil microorganisms (Osorio, 2012). 
Given the role of arbuscular mycorrhizal fungi (AMF) 
and phosphate solubilizing microorganisms (PSM) 
(Thies and Grossman, 2006), these can be used as 
an attractive biotechnological strategy in avocado 
plantations. In some countries, such as Mexico, 
Chile, Brazil and United States (California), the use of 
AMF during the nursery stage of avocado has been 
successful in enhancing water and nutrient uptake 
(particularly P), and reduce the pos-transplant stress 
(Menge et al., 1978; Hernández, 2001). In Colombia, 
recently some authors has been investigating the 
effect of AMF inoculation in avocado cv. Villagorgona 
(Montoya, 2007), cv. Hass (Montañez, 2009), and 
cvs. Santana, Lorena and Común (Melo, 2011), 
whose findings indicate that mycorrhizal inoculation 
(with different AMF in each case) significantly 
promoted plant growth at the nursery. On the 
other hand, Bolaños and Saenz (2010) found that, 
in addition to the plant growth promotion, the 
mycorrhizal inoculation also reduced significantly the 
avocado root rot caused by some phytopathogens 
(Fusarium sp. and Phytohphtora cinnamomi); the 
reduction was higher when some biocontrol agents, 
such as Trichoderma, Paecilomyces or Pseudomonas 
fluorescent, were co-inoculated with the AMF. 
The use of PSM can enhance the soil P availability by 
dissolving native or applied P compounds, particularly 
rock phosphates (RP) (Omar, 1998; Osorio and 
Habte, 2009). The advantage of using RP is that 
they are locally available in many countries (including 
Colombia) and are cheaper than P soluble fertilizers, 
unfortunately their low solubility discourage their 
use, but this can corrected by effective PSM (Msolla 
et al., 2005; Ojo et al., 2007). This strategy has been 
successfully proved by several authors in many plant 
species and soils (Sreenivasa and Krishnaraj, 1992; 
Whitelaw, 2000; Osorio and Habte, 2001; Barea et 
al., 2005a, 2005b); but in Andisols this may have 
a limited efficiency, because the P released can be 
retained by soil minerals (Bolan, 1991). To correct 
this limitation, the co-inoculation with PSM and 
AMF seems to be desirable because the mycorrhizal 
hyphae may absorb the released P by PSM and in 
this way improve plant P uptake (Osorio and Habte, 
2009). However, the excessive use of P fertilizers, 
and their residual effects on soil P availability 
(Serna et al., 2012), may impair the benefits of 
AMF as reported in other crops (e.g., coffee (Coffee 
arabica), lulo (Solanum quitoense), tomato (Solanum 
lycopersicum)) (González, 2006; Montoya, 2007; 
Jaramillo and Osorio, 2009; González and Osorio, 
2008). Currently, the presence of effective PSM 
in the rhizosphere of avocado plants has not been 
confirmed.
The aim of this study was to evaluate the use of 
AMF and PSM in avocado plants at the Northern and 
Eastern Antioquia, Colombia and to detect potential 
soil and crop factors that limit their effectiveness in 
enhancing plant P uptake and growth.
MATERIALS AND METHODS 
Soil phosphate sorption. Soil surface samples (A 
horizon, 0-20 cm) were collected from two places 
(Santa Rosa and El Peñol), which are representative of 
the two productive areas of avocado at Northern and 
Eastern Antioquia, respectively. To quantify the soil P 
fixation capacity, the method developed by Fox and 
Kamprath (1970) was used. Briefly, this consisted of 
the use of 3 g-soil (dry basis, sieved at<2 mm) that 
were transferred into plastic centrifuge tubes (volume 
of 50 mL), which received grading amounts (0-2,000 
mg kg-1) of H3PO4 (SOLUFOS®) dissolved in 30 mL of 
0.01 M CaCl2. Two drops of toluene were added into 
each tube to impair microbial activity. Then, the tubes 
were shaken in a reciprocal shaker at 100 rpm (30 
min each 12 h) during six days at room temperature 
(25-27 ºC). After the incubation period, the tube 
and their contents were centrifuged for 15 min at 
2,500 x g and the uppernatant was passed through a 
Whatman No. 1- filter paper. Soluble P concentration 
was measured by the molybdate-phosphate method 
(Murphy and Riley, 1962) in a spectrophotometer 
Genesys®-20 at 890 nm.
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Monitoring soil microorganisms in avocado 
plantations. Seventy rhizosphere samples of three-
to four-years-old avocado plants were collected from 
commercial plantations located at the towns of San 
Pedro, Entrerrios and Santa Rosa (Northern Antioquia) 
and Rionegro, El Retiro, La Ceja, El Carmen de Viboral 
and San Vicente (Eastern Antioquia). In each farm, 
fine roots and rhizosphere soil (200 g) of avocado 
plants were collected at 0-10 cm of depth, packed 
into plastic bags and later transported in polystyrene 
boxes to the Laboratory of Ecology and Environmental 
Conservation (LECA) at the Universidad Nacional 
de Colombia. Soil pH (1:2, water) and soluble P in 
0.01 M CaCl2 (Olsen and Sommers, 1982) were also 
measured in these samples and already reported by 
Serna et al. (2012). 
Mycorrhizal colonization. Samples of fine roots 
were cut in 1-cm fragments, rinsed with tap water 
and transferred into 50-mL plastic vials. 20-mL of 
KOH (10%) solution were added to clear root contents 
(Phillips and Hayman, 1970) and removed 24 h later. 
After that, root fragments were washed with tap water 
and then maintained in H2O2 (35%) solution for 30 min 
and washed again with tap water. Then, 20 mL of HCl 
(10%) solution were added and 5 min later removed 
(without water rinsing). 20-mL of trypan blue (0.15%, 
dissolved in glycerol and lactic acid) were added and 
the roots were left at room temperature for 48 h for 
staining (Brundrett et al., 1996). Next, the excess of 
trypan blue was removed by glycerol and lactic acid 
for 48 h. Root colonization was measured by the grid-
line intercept method (Giovanneti and Mosse, 1980).
Rhizosphere PSM. Once in the laboratory, 
rhizosphere samples were hand-dispersed in order to 
destroy soil aggregates. Serial dilutions (10-1 - 10-6) 
were prepared with a 0.01 M CaCl2 solution. Aliquots 
of 100 µL were aseptically transferred into Petri dishes 
that contained a sterile (120 ºC, 0.1 MPa, 40 min) 
selective medium for PSM (Osorio and Habte, 2001). 
The medium contained per liter 1.0 g of NaCl, 0.2 g 
of CaCl2.2H2O, 0.4 g of MgSO4.7H2O, 1.0 g of NH4NO3, 
10 g of glucose, 15 g of Agar, 3.5 g of Huila rock 
phosphate and 5 mL of bromothymol blue as a pH 
indicator. Petri dishes were incubated at 28 ºC for 
three to five days. Colony forming units were counted 
and some morphotypes were preliminary selected 
for further studies based on the presence of yellow 
halo around the colony, abundance and growth. After 
that, an in vitro test (Osorio, 2011) was conducted to 
quantify the capacity of the isolates to dissolve Huila 
RP as explain above. Selected microorganisms were 
transferred to Petri dishes with the same medium 
for purification and conservation at 4 ºC until their 
use. Frequency histograms were prepared for both 
variables: mycorrhizal colonization and rhizosphere 
PSM. 
Identification of AMF spores. Spores of AMF were 
isolated from the 20 rhizosphere samples following 
the method described by Habte and Osorio (2001). 
Briefly, this consisted of wet-sieving aliquots (5 g, 
dry basis) of rhizosphere samples in nested series of 
sieves (500, 250, 100 and 50 µm of aperture pore). 
The AMF spores were collected from the last two 
sieves and observed under the microscopy for their 
morphological identification following the guides of 
INVAM (www.invam.caf.wvu.edu). 
Test for the effectiveness of AMF. Crude inocula 
of these AMF species were taken from the collection of 
the LECA and multiplied separately during four months 
in a sterile substrate (soil: sand, 2:1 proportion) 
(autoclaved 120 ºC, 0.1 MPa, 2 h) with corn (Zea 
mays) and brachiaria grass (Brachiaria decumbens) 
as host plants. To evaluate the effectiveness of 
the inocula, the method developed by Habte and 
Manjunath  (1987) was used; in this case, the host 
plant (Leucaena leucocephala) was used as indicator 
plant, given its very high mycorrhizal dependency and 
fast growth. These plants were grown in plastic pots 
(900 mL) that contained soil (pH 6.0 and soluble P 
concentration of 0.02 mg L-1), and were separately 
inoculated with each crude inoculum (spores, hyphae, 
infected roots in a soil-sand substrate) with 25 g/
pot; each gram had 250-270 spores of the respective 
fungus. 
Plants were grown during 45 days under greenhouse 
conditions and watered (if required) to maintain 50-
60% of the maximal water hold capacity. Each week, 
25 mL of the P-free Hoagland solution were added. 
The experimental design was completely randomized; 
treatments consisted of the three inoculations and 
an uninoculated control. Each treatment had three 
replicates. Response variables were shoot dry weight 
(oven-dried for 96 h at 60 ºC); shoot P content, 
measured by the molybdate-phosphate method 
developed by Murphy and Riley (1962), after obtain 
ashes from the shoot tissues (500 ºC, 3 h); and 
mycorrhizal colonization as explained above, but in 
this case H2O2 was not used and fucsin acid (0.15%) 
was used for staining roots. 
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Data were subjected to analysis of variance and mean 
separation through the multiple range test of Duncan; 
in both cases a significant P≤0.05 was used. Statistical 
analyses were conducted in the software Statgraphics 
Centurion version XV.
Effect of mycorrhizal inoculation on avocado 
plants. To this experiment an Andisol (volcanic ash 
soil) from the Experimental Forestry Station “Piedras 
Blancas” (Santa Elena, Medellín) was used. The soil 
was air-dried, sieved (<4 mm), autoclaved (120 ºC, 
0.1 MPa, 2 h) and then transferred into plastic bags, 
5.6 kg per bag. Soil pH was adjusted to 6.0 with 
calcium oxide (CaO); additionally, the following 
compounds were added: ammonium nitrate (173 mg 
kg-1), potassium nitrate (380 mg kg-1) and magnesium 
sulfate (3,280 mg kg-1). Then, KH2PO4 was applied in 
order to have three concentrations of soluble P in the 
soil solution (0.002, 0.02 y 0.2 mg L-1). The amount 
of P added was determined through a soil P sorption 
isotherm (Fox and Kamprath, 1970). Afterward, the 
soil was inoculated with 75 g of the crude inoculun 
of G. fasciculatum, which contained 43 infective 
propagules (most probable number; Porter, 1979). 
The uninoculated soil received 75 g of autoclaved 
inoculum and 20 mL of washings of the crude 
inoculum after removing AMF propagules by filtration 
with Whatman No. 1 filter paper.
Two months old seedlings of avocado (cv. 
“Villagorgona”) were obtained from Profrutales 
(a commercial nursery at Palmira, Colombia) and 
transplanted into the treated soils according to 
treatments. Seedlings were grown for 150 days under 
greenhouse conditions and watered (if required) to 
maintain 50-60% of the maximal water hold capacity. 
Every two weeks, 25 mL of the P-free Hoagland 
solution were added per pot.
The experimental design was completely randomized; 
treatments had a factorial arrangement 3x2 (three 
levels of soil soluble P and two level of mycorrhizal 
inoculation-inoculated and uninoculated-). Each 
treatment had five replicates. Response variables 
were shoot dry weight (oven-dried for 96 h at 60 ºC), 
foliar P concentration measured in the foliar ashes 
(500 ºC, 3 h) by the molybdate-phosphate method 
(Murphy and Riley 1962) and mycorrhizal colonization 
measured as explained above. 
Data were subjected to analysis of variance and mean 
separation through the LSD test; in both cases a 
significant P≤0.05 was used. Statistical analyses were 
conducted in the software Statgraphics Centurion 
version XV.
In vitro test for PSM efficiency. Selected colonies 
of PSM were purified with a sterile loop and aseptically 
transferred by duplicates into a 250-mL Erlenmeyer 
flask that contained the medium for PSM agar-free 
(Osorio and Habte, 2001). The flasks were continuously 
shaken in a reciprocal shaker at 150 rpm, 25 °C for 
7 days; for comparison an uninoculated control was 
included. At the end of the incubation period, the 
medium pH was measured by introducing directly a 
H+- selective electrode. Also, the concentration of 
P in the medium was measured by the molybdate-
phosphate method; for this purpose, the solution was 
removed by centrifugation for 15 min at 2,500 x g and 
the uppernatant was filtered by a Whatman® No. 43 
filter paper (2 µm of aperture size).
RESULTS
Soil P sorption isotherm. The value of P0.2, amount 
of P (mg kg-1) required to achieve soil solution P 
concentration of 0.2 mg L-1 (Hue and Fox, 2010), was 
1,098 and 1,452 mg kg-1 for Santa Rosa and El Peñol 
soils, respectively (Figure 1). These results allow 
classify the soil P sorption capacity as very-high (P0.2 
> 1000 mg kg-1) (Juo and Fox, 1977). These levels of 
soil P sorption are associated with volcanic ash soils 
(Andisols) and are comparable with other studies 
conducted in this area (Osorio, 2008). This very high 
P fixation is responsible for the high requirements 
of P fertilizers in these soils, which is desirable to 
reduce by introducing other practices; for instance, 
(i) moderate liming to increase soil pH up to a range 
5.5-6.0, (ii) use of organic amendments to reduce P 
sorption, (iii) use of AMF and PSM to reduce the soil 
soluble P requirement, (iv) improve placement of P 
fertilizers and (v) use of rock phosphates (Havlin et 
al., 1999). 
Effectiveness of AMF associated to avocado 
plants. The AMF population in the rhizosphere had 
low diversity because this was dominated by three 
species Glomus fasciculatum (present in 35-45% 
of the samples), G. fistulosum (20-30%) and E. 
colombiana (40-50%), others morphotypes likely 
Glomus were less frequent and were not identified.
The origin of these AMF native or introduced was 
unclear; however, their presence has been registered 
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Figure 1. Isotherm of P sorption of two soils from the North (Santa Rosa) an East (El Peñol) Antioquia, 
Colombia [Santa Rosa- P0.2= 1,098 mg kg
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in other soils and crops of Colombia (Guerrero, 1996; 
Guerrero et al., 1996; Cano, 1996; Cancio et al., 2005; 
Salamanca and Cano, 2005; Jaramillo and Osorio, 
2009; Cabrales and Campo 2010; Daza and Osorio, 
2011; Díaz et al., 2011). Furthermore, these AMF 
species are commonly used in commercial mycorrhizal 
inocula frequently applied at the Northern and Eastern 
Antioquia regions for avocado plantations.
On the other hand, the evaluation of these AMF from inocula 
allows us to separate them according to their effectiveness for 
enhancing plant performance (Figure 2). The results showed 
that the inoculum of G. fasciculatum was more effective in 
enhancing Leucaena plant P uptake and growth than the other 
AMF inocula studied. The increase in shoot dry weight with G. 
fasciculatum inoculation respect to uninoculated plants was 




































































Figure 2. Mycorrhizal effectiveness of three inocula measured through the effects on Leucaena shoot dry 
weight (SDW, mg/plant) and shoot P content (mg/plant) in comparison to the uninoculated plants (control). 
Different letters over the columns indicate significant differences (Duncan test, P ≤0.05).
and the shoot P content was 6.8-fold higher. Although the 
benefits on plant performance with G. fistulosum inoculation 
were lower than with G. fasciculatum, the shoot dry weight, 
P concentration and P content were 72%, 3-fold and 5.32-
fold significantly higher than in the uninoculated plants. By 
contrast, the inoculum of E. colombiana was ineffective to 
enhance plant performance. 
The technique used was very simple and useful to 
evaluate inoculum quality, as illustrated before by 
González and Osorio (2005), as well as to determine 
the mycorrhizal effectiveness of native AMF in soils 
(Jaramillo et al., 2004; Sierra, 2006). However, the 
results should be associate to the quality of a particular 
inoculum (AMF spores number and viability and other 
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infective propagules) and not to the AMF species. As a 
conclusion, the crude inoculum of G. fasciculatum was 
the most effective and therefore used in further studies.
Effectiveness of G. fasciculatum on avocado plants. 
The results showed that the inoculation with this fungus 
significantly (P≤0.05) increased avocado plant growth 
(Figures 3 and 4). However, this effect depended on the 
concentration of P in the soil solution. For instance, at 
the level 0.002 mg L-1 the increased on plant growth was 
by 48%, at 0.02 mg L-1 this was by 35%. By contrast, at 
the level of 0.2 mg L-1 the plant response was negative 
to the inoculation because the shoot dry weight was 
significantly reduced by 26%.
These results probed that AMF inoculation is highly 
promissory to enhance plant performance on avocado 
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Figure 3. Shoot dry weight of avocado plants 150 days after inoculation with G. fasciculatum (AMF+) in 
comparison to uninoculated plants (AMF-) at three levels of soil solution P concentration. Bars indicate the 













Figure 4. General view of uninoculated (AMF-) and inoculated plants with G. fasciculatum (AMF+) grown at 
three levels of soil solution P concentrations (0.002, 0.02 and 0.2 mg L-1), 150 days after transplanting. Note 
the increase in plant growth with the mycorrhizal inoculation at the lowest and medium level of soil P and the 
decrease at the highest level.
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considered in this study (e.g., Santa Rosa and El 
Peñol). The use of these fungi may help to reduce 
the amount of P fertilizers and in this way reduce the 
production costs. The combination of AMF and RP 
application seems to be very attractive to evaluate 
in avocado plants since positive results have been 
observed in other soils and crops (Sreenivasa and 
Krishnaraj, 1992; Omar, 1998; Barea et al., 2005a 
2005b; Osorio, 2008). Although AMF do not dissolve 
RP, they can absorb more efficiently the P release from 
the RP than the non-mycorrhizal roots (Bolan, 1991; 
Smith et al., 2003; Smith et al., 2011). When AMF 
take P, up reduce the concentration of Pi in the soil 
solution, favors the RP dissolution. In addition, the 
mycorrhizal association may promote the activity of the 
rhizosphere microorganisms capable of P dissolution 
(PSM) (Barea et al., 2005a, 2005b) and enhance plant 
P uptake by plant roots and/or mycorrhizal hypha 
(Whitelaw, 2000; Osorio and Habte, 2009).
Since the soil P availability can control the effects 
(from positive to negative) of AMF inoculation (Figure 
3), it is worrisome that the avocado growers apply 
high rates of P fertilizers with the consequent effect 
on soil soluble P levels. Serna et al. (2012), found, 
in the same soil samples used here, that the soil 
soluble P ranged from 0.01 to 1.78 mg L-1; 47% of the 
rhizospheric soil samples exhibited levels of soluble 
P excessively high (0.25-1.69 mg L-1). According 
to our results, it is logic to expect that native or 
applied AMF would reduce plant growth under these 
conditions. In order to avoid these problems, it is 
recommendable to monitor the level of soluble P and 
mycorrhizal colonization of plant roots before making 
decisions on AMF inoculation. It must be clarified that 
the consideration made here are based only on the 
effects on plant nutrition and growth; it is possible 
that other benefits on water uptake and reduction on 
some plant diseases incidence (Allen, 1996; Smith 
and Read, 1997), must be considered in relation 
to the convenience of AMF inoculation under these 
conditions.
On the other hand, consistently with the treatments 
only those plants grown in inoculated soils developed 
the mycorrhizal association. The value of this variable 
fluctuated between 57 to 77%, and it was not 
significantly affected by the level of soluble P. However, 
at the two lowest levels (0.002 and 0.2 mg L-1) there 
was abundance of vesicles and arbuscules in the roots, 
while at the highest level of soil soluble P (0.2 mg L-1) 
the roots were exclusively colonized by intraradical 
hyphae without vesicles and arbuscules. This should 
be a matter for further research.
Monitoring soil microorganisms in avocado 
plantations. 
Mycorrhizal colonization of avocado plant 
roots. In avocado plantations the values of 
mycorrhizal colonization were variable, these 
fluctuated between 0 to 90% (Figures 5a and 6). 
The significance of this should be considered in 
relation to the level of soil P available. For instance, 
at low soil soluble P concentration (<0.05 mg L-1) 
the mycorrhizal association promotes plant growth; 
Figure 5. A. Roots of avocado plants colonized by AMF. B. Petri dishes containing colonies of potential PSM 
capable of rock phosphate dissolution. Note the presence of yellow halos around the colonies that indicate the 
acidity production.
A. B.
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but at higher concentrations it decreases (Montoya, 
2007). Recently, in the same samples studied here, 
Serna et al. (2012), found that more than 60% of 
the soil samples had soil soluble P>0.2 mg L-1. Under 
such conditions, the presence of AMF in the roots 
may have negative effects on plants. This indicates 
that to determine the convenience of the mycorrhizal 
inoculation in avocado plantations, it is necessary to 
monitor the levels of soil P availability as well as the 
presence of infective mycorrhizal propagules in the 
soil (Sierra, 2006).
PSM in the avocado rhizosphere. The interpretation 
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Figure 6. Histograms of frequency for root mycorrhizal  colonization (above) and counts of potential PSM in 
the rhizosphere (below) of avocado at the North and East of Antioquia, Colombia (n=70).
limitations. First, there is no certainty about which is the 
adequate value of PSM-population at the rhizosphere. 
Second, the presence of these microorganisms is not 
a guarantee to improve soil P availability since either 
competition/antagonism among microbes and/or the 
soil P sorption capacity may limit the effectiveness 
of them to enhance plant P uptake (Osorio, 2011). 
Then, their presence in the rhizosphere only indicates 
that their potential role in enhancing soil P availability 
may occur; on the other hand, their absence certainly 
indicates that the microbial solubilization of P will 
not happen. Even so, we should not forget that the 
counts conducted only detect those rhizospheric 
PSM cultivable, and all discussion just made here is 
irrelevant. Thus, in 39% of the soil samples studied, 
where PSM were not detected, the mechanism of 
microbial P solubilization perhaps does not occur. In 
the rest of the samples (61%) PSM were found and 
likely they contribute to enhance soil P availability to 
plant roots. Some other factors might help to PSM 
effectiveness such as the mycorrhizal association 
because the fungal hyphae would absorb the P released 
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by PSM. In addition, the presence of NH4
+ favors the 
dissolution of RP, while NO3- is inhibitory (Osorio, 2008).
In vitro test for PSM efficiency. The in vitro test 
allow us to detect that some microorganisms produced 
acidity in the medium and thus reducing pH down to 
3.1 (Figure 7), which is required to dissolve RP (Welch 
et al., 2002; Oberson et al., 2006; Yusdar et al., 2007; 
Hamdali et al., 2010; Bashan et al., 2012). Despite that 
the concentration of P in solution was relatively low, if 
compared with other effective PSM´s (Aspergillus niger 
and Mortierella sp.) used with the same test (Osorio and 
Habte, 2009, Zaidi et al., 2009; Bashan et al., 2012), 
at pH of 3.1 a value of soluble P around 15 mg L-1 is 
expected (Osorio, 2012); however, the value found was 
only 3.2 mg L-1, although this level was significantly higher 
than that in the uninoculated control, clearly it suggests 
a low effectiveness (Osorio, 2008). Likely, the microbes 
did solubilize RP but most of it was immobilize in their 
cells. This transformation of P, from insoluble RP toward 
microbial-P, is not necessarily unfavorable for plants 
because this pool is later subjected to decomposition by 
other microorganisms, leaving P available for root uptake 
(Joergensen and Wichern, 2008; Posada et al., 2012).
The lack of effective PSM´s in the rhizosphere 
of avocado plants lead us to consider the use of 
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Figure 7. Concentration of soluble P in a culture medium as a function of the inoculation with rhizosphere 
microorganisms in comparison with a uninoculated control. The number of the isolate is an internal code.
This approach is valid because the microbial solubilization 
of P-compunds does not require a specific relationship 
between plant-microbe as other interactions (e.g., legume-
rhizobio). In this way, the relationship plant-PSM is quite 
similar to that observed between plant-PGPR (Bashan and 
Holguin, 1998). It has been proposed that an effective 
PSM must be (i) a good competitor for resources in the 
rhizosphere (especially carbonaceous compounds), (ii) 
efficient colonizer of the rhizosphere and/or the rhizoplane, 
and (iii) an active producer of organic acids (di and tri-
carboxylic acids such as oxalic acid and citric acid) (Osorio, 
2011; Bashan et al., 2012). Also, the PSM effectiveness will 
be higher in the presence of mycorrhizal plants, particularly 
if they grow in soils with high P sorption capacity as those 
considered in this study. 
CONCLUSIONS
In general, the soils from the North and East 
Antioquia exhibited a very high P sorption capacity 
(P0.2>1.000 mg kg-1), which is responsible of the low 
soil P availability observed in these soils under natural 
conditions (soil soluble P<0.05 mg L-1), limiting the 
plant productivity. To prevent plant P deficiency, 
avocado growers apply high rates of soluble P 
fertilizers; in many cases the amount applied is 
excessive and thus soil soluble P increase at levels 
unnecessarily high (>0.2 mg L-1). This increases in 
production costs, raises environmental concerns, and 
creates plant nutrient imbalance. A valid strategy is 
the use of arbuscular mycorrizal fungi (AMF); in this 
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study the fungus Glomus fasciculatum was capable 
of increasing avocado plant growth at low levels of 
soil soluble P (0.002 y 0.02 mg L-1), but the effect 
became negative at high levels (0.2 mg L-1). The use 
of phosphate solubilizing microorganisms (PSM) is 
quite attractive given its potential to dissolve rock 
phosphate and native soil P compounds. However, 
the excessive levels of soil soluble P detected in 
avocado plantations threaten the proper functioning 
of the mycorrhizal association, in many cases this 
association was absent of the plant system. The 
counts of PSM in the rhizosphere of avocado were 
quite variable; in some cases, they were not detected 
and those isolated were ineffective in dissolving RP.
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